Abstract. During the past decade, the IODP (International Ocean Discovery Program) has fostered a significant increase in deep biosphere investigations in the marine sedimentary and crustal environments, and scientists are well-poised to continue this momentum into the next phase of the IODP. The goals of this workshop were to evaluate recent findings in a global context, synthesize available biogeochemical data to foster thermodynamic and metabolic activity modeling and measurements, identify regional targets for future targeted sampling and dedicated expeditions, foster collaborations, and highlight the accomplishments of deep biosphere research within IODP. Twenty-four scientists from around the world participated in this one-day workshop sponsored by IODP-MI and held in Florence, Italy, immediately prior to the Goldschmidt 2013 conference. A major topic of discussion at the workshop was the continued need for standard biological sampling and measurements across IODP platforms. Workshop participants renew the call to IODP operators to implement recommended protocols.
Introduction to Deep Biosphere Objectives in IODP
Scientific ocean drilling is entering its 48th year and is poised to continue creating momentous breakthroughs in the understanding of Earth processes. Four challenges have been set forth by the drilling community as the best opportunities for rapid achievement of transformative science: climate and ocean change; Earth connections; Earth in motion; and biosphere frontiers (IODP, 2011) . Interdisciplinary science has been the foundation of the drilling program, and recently deep biosphere science has been recognized as a significant contributor in addressing questions across all themes, particularly climate and ocean change. It was specifically noted during the 2012 Building US Strategies Workshop that many scientists who do not directly identify their research as relevant to biosphere frontiers are nevertheless interested in biosphere challenges and would sail, request data, or apply others' results to their research. The priorities within biosphere frontiers challenge address questions such as What are the origin, composition, and global significance of subseafloor communities? What are the limits of life in the subseafloor? How sensitive are ecosystems and biodiversity to environmental change?
Several IODP (International Ocean Discovery Program) expeditions have focused on testing specific hypotheses regarding factors that control the distribution, community composition, and activities of the deep biosphere in a diverse array of subseafloor environments. These environments included a near-shore upwelling regime (Expedition 201: Peru Margin), extremely low-energy sediments (Expedition 329: South Pacific Gyre and Expedition 336: North Pond), oceanic crust (Expeditions 301 and 327: Juan de Fuca Ridge, and Expedition 336: North Pond), near-hydrothermal vents (Expedition 331: deep hot biosphere), a carbon-rich environment (Expedition 337: deep coalbed biosphere off Shimokita), and, most recently, the Baltic Sea paleoenvironment (Expedition 347). These expeditions demonstrate the rapid growth of deep biosphere research and the critical contributions provided by scientific ocean drilling. They also highlight the fact that deep biosphere investigations are not platform-specific, but can be adapted for IODP expeditions on the RV JOIDES Resolution, RV Chikyu, or on missionspecific platforms. These recent advances and expeditions prompted a call for a workshop to synthesize new findings in a global context, and to identify obstacles to new discoveries.
Recent deep biosphere discovery highlights
Since the incorporation of sterile sampling techniques in 2001, ODP (Ocean Drilling Program) and IODP expeditions have produced a wealth of high-impact discoveries about the subsurface biosphere. The largest leap forward was simply the discovery that microorganisms (archaea and bacteria) are present, intact, and metabolically active in uncontaminated deep subsurface sediments Schippers et al., 2005; Biddle et al., 2006; Morono et al., 2011) . Not only are they present, but also they are taxonomically diverse, and include many new deep evolutionary branches on the tree of life (Schippers et al., 2005; Biddle et al., 2006; Inagaki et al., 2006) . The growing library of deep subsurface sedimentary cell count measurements has enabled the most refined estimate of the total amount of subsurface life to date, showing this vast ecosystem to rival the microbial biomass of all the oceans . More recent IODP expeditions have given the first glimpses into life in sediments with very low deposition rates and with little access to photosynthetically derived detrital food sources. Small populations of slowly metabolizing microorganisms nonetheless continue to drive diagenetic processes in these extremely harsh environments Røy et al., 2012) . These findings represent a major breakthrough in our understanding of how life can be sustained by alternative energy sources, possibly fueled by the radiolysis of water (Blair et al., 2007) . Life, therefore, is not forced to conform to the energy-rich habits provided by surface photosynthetic conditions. Other IODP expeditions have shown that life exists in the subseafloor oceanic crust (Mason et al., 2010; Lever et al., 2013) , suggesting that samples from even deeper below the subfloor will yield countless new discoveries.
With only a handful of microbiology-based drilling expeditions to date, subseafloor microbiology and biogeochemistry studies have made transformative discoveries that have added a new level of understanding to biological and chemical oceanography. Active microbial metabolism in the subseafloor is now known to proceed over geological timescales (D'Hondt et al., 2002 (D'Hondt et al., , 2004 Orcutt et al., 2011; Lomstein et al., 2012; Lever et al., 2013) , in sediment that is up to 86 million years old (Røy et al., 2012) . Genomic, metagenomic and metatranscriptomic data sets from the subseafloor have allowed for metabolic rate calculations and measurements to be placed in a microbiological context (Biddle et al., 2008; Mills et al., 2012; Lloyd et al., 2013; Orsi et al., 2013b) . New techniques for assessing the activity and whole genomic material from individual microbial cells have opened up the possibility of discovering new capabilities in living native subsurface cells (Morono et al., 2011; Lloyd et al., 2013) , and by employing new chemical indicators for sporulated cells, researchers now have the tools to distinguish between dormant and metabolically active populations (Lomstein et al., 2012) . Finally, the third domain of life, Eukarya (specifically fungi), is also now known to be active in the subseafloor and, likely, to play an important role in the degradation of organic matter in subseafloor sediment (Biddle et al., 2005; Edgcomb et al., 2011; Orsi et al., 2013a) . Such studies have fostered a new level of understanding of subseafloor microbiology and have laid the foundation for future investigations of important subseafloor microbial processes.
Using geochemical and geophysical data to constrain microbial activity
Although the ubiquity of active microorganisms in marine deep sediments has been confirmed, it is not yet clear exactly what they are doing or how fast they are doing it (Jørgensen, 2011) . One approach to constraining answers to these questions is to use quantitative models that employ the physical and chemical data that describe sedimentary ecosystems. For example, temperature, pressure, and compositional information reported for particular environments can be combined with thermodynamic data to calculate the amount of energy available to microorganisms in sediments, and from what reactions this energy comes. The hypothesis guiding these calculations is that the reactions that are the most energyyielding in a particular environment are most likely to be catalyzed by resident microorganisms. These kinds of calculations have been carried out to varying extents in deepsea sediments located in the Bay of Bengal , Guaymas Basin, and the Black Sea (LaRowe et al., 2008) , Peru Margin (Biddle et al., 2006; Wang et al., 2010; , the Gulf of Mexico (Joye et al., 2009) , the South Pacific Gyre (LaRowe and Amend, 2014), the Juan de Fuca Ridge (LaRowe and Amend, 2014), and the Juan de Fuca Ridge flank (Lever et al., 2010) . In a related study, the energetic potential of iron and sulfur-bearing minerals from a number of DSDP/ODP drill sites was also quantified (Bach and Edwards, 2003) . The limitation of this thermodynamic approach is that the results of these calculations only reveal the amount of energy that is available from the reactions for which there are sufficient chemical data, and nothing is determined about whether these reactions actually occur, and, if so, at what rates. A complementary approach to understanding microbial behavior in the deep biosphere utilizes reaction-transport models (RTMs) that relate depth-dependent compositional trends observed in sediments to the rates of diffusion, advection and abiotic and microbially mediated reactions. Although RTMs have been applied to explain the driving forces shaping numerous ecosystems, few have been used to quantify the activity of microorganisms in marine deep sediments. Notable exceptions include models applied to sediments from the Demerara Rise (Arndt et al., 2006) and the eastern equatorial Pacific (Wang et al., 2008) . A RTM has recently been applied to quantify the rates of microbial catabolism in deep-sea hydrothermal vent chimneys , and similar types of models were used to constrain oxygen consumption patterns in upper oceanic crust (Orcutt et al., 2013) and North Pacific Gyre (Røy et al., 2012) . Both bioenergetic and RTM strategies for understanding the deep biosphere functions are restricted by the availability of physiochemical data produced by the IODP. However, as more IODP sites are microbiologically characterized, the resulting physiological and biomolecular data can be used in a complementary fashion with modeling techniques. The archiving of geochemical data in databases such as SEDIS (Scientific Earth Drilling Information Service) is critical for these types of models, and archival of related microbiological data in common databases should be a priority for the deep biosphere community. Importantly, it is clear that deep biosphere scientists need to work closely with scientists from other disciplines, such as geophysics and geochemistry, to assemble and understand the environmental conditions and constraints on microbial activity.
On the horizon
Future studies of subseafloor microbiology will build upon IODP's foundation by taking advantage of the rapid evolution in DNA and RNA sequencing technology, e.g. the "genomic revolution". The average cost of sequencing a bacterial genome is now under USD 1000, one million bases of DNA data can be obtained for less than USD 1, and sequencing technologies are continuously improving. Furthermore, advances in preservation methods for biological material, such as the new sampling freezing technologies, promise to greatly enhance recovery of DNA, RNA, and other biomolecules from cryogenically frozen samples. These genomic approaches are appealing due to the high throughput and high data : cost ratio, but they only truly become relevant and potentially transformative when paired with biogeochemical measurements and models of important microbial processes (e.g. carbon oxidation rates, oxygen/nitrate/iron/manganese/sulfate reduction rates, methanogenesis, and organic matter remineralization). Moreover, because the cost of DNA sequencing is no longer the ratedetermining step for DNA-and RNA-based studies, careful consideration of sampling design should be made when studying the spatial ecology of subseafloor microbes. For example, it is now possible to easily barcode and sequence hundreds of samples in parallel, obtaining hundreds of thousands of DNA sequence reads for each sample. Thus, microbial ecologists can now produce biological replicates, and scale up the sampling efforts for spatially relevant studies. The rate-determining step for DNA and RNA sequence-based studies has shifted from data production to data analysis. Innovative methods will need to be developed to get the most out of sequence databases to use them to their maximum advantage, and to use genetic information to catalyze new hypotheses for direct testing in the hard-to-reach subsurface ecosystem. This is an exciting time because microbial ecology studies can now utilize sampling designs and scales similar to those used in more traditional fields of ecology (e.g. botany and zoology), to reach a deeper level of understanding of subseafloor microbial ecology and of how distributions and activities are linked to in situ geochemistry and geology across different subseafloor provinces.
Furthermore, there is increasing awareness that efforts to enrich and cultivate rare and dominant deep biosphere species are needed in order to understand growth rates and adaptation strategies for members of the marine deep biosphere. The increasing sophistication of laboratory assets on the RV JOIDES Resolution and RV Chikyu for enabling shipboard cultivation and microbiological studies has greatly enhanced these efforts, and more developments in this area would be beneficial. Cultivation efforts on mission-specific platforms are somewhat limited, however, due to limited suitable laboratory space and equipment for such work.
Recommendations
The potential for major discoveries in the field of subsurface biogeochemistry/microbial ecology is significant given the large number of active early-career researchers, the prominence of research objectives within the new IODP 10-year science plan, and large organizations dedicated to deep biosphere research, including the Center for Dark Energy Biosphere Investigations (C-DEBI, funded by the US National Science Foundation) and the Deep Carbon Observatory (funded by the Sloan Foundation). The enthusiasm of early-career researchers in this field was demonstrated during the IODP Deep Biosphere Research Workshop, in which the participants recognized the immediate importance of establishing standardizing routine contamination testing of core material, sampling core material at regular intervals for archival storage, and immediately performing cell counts during shipboard operations. While deep biosphere research builds on a rich history of biogeochemical studies within ODP-IODP, from over 800 sites drilled during the course of the ODP-IODP programs, only 31 sites (during 10 expeditions) have been properly sampled, documented and archived for multiple microbiological assays, such as DNA extraction, cell counts, and cultivation studies (Fig. 2) . Despite this small percentage of sites, the large number of transformative discoveries in deep biosphere research resulting from these samples is remarkable; only a few of the notable papers are listed at the beginning of this report. Thus, continued and additional microbiological sampling on future drilling expeditions is likely to result in even more transformative research on deep life. The proper collecting, processing and preserving of core material using biologically sensitive techniques was seen as essential to ensure adequate access of samples to both the shipboard and shore-based scientists. Several long-term goals were also discussed, including the identification of a common nucleic acid extraction protocol and the selection of specific genes/primers for targeted molecular characterizations. We determined that future discussions with a broader audience would be required to establish these standards. However, success in establishing such protocols should be considered a high priority, as they will facilitate the construction of data sets comparable between expeditions and provide the needed linkage between individual efforts made by our growing community.
During workshop discussions, it was noted that similar recommendations for standard and routine sampling, addi- tional archived resources, and advanced training of technicians have been presented to IODP and ship operators in the past without full implementation (for example, SPC (Science Planning Committee) Consensuses 808-10, 808-11, 808-12, and 808-15) . Therefore, for the success of future biosphere explorations, a revised recommendation from the subsurface community, including new techniques and technologies, should be crafted and presented to coincide with the start of the new International Ocean Discovery Program. To facilitate biological sampling and processing, advanced training of current technicians or ideally a microbiology-specific technician sailing on each expedition will be recommended. While all of these recommendations represent a substantial step forward, it is noted that in the new science plan, a quarter of the objectives are directly associated with biological research, with many of the other objectives reliant upon biological data. We must, therefore, strive for implementation of our new plan for biological exploration. The involvement of the NSF (National Science Foundation), along with IODP directors, curators, and technicians, is seen as the best course of action. Efforts are underway to complete this task, with a formal recommendation scheduled as early as 2014.
